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Quantum repeaters based on atomi ensemble quantum memories are promising andidates for
ahieving salable distribution of entanglement over long distanes. Reently, important experimen-
tal progress has been made towards their implementation. However, the entanglement rates and
salability of urrent approahes are limited by relatively low retrieval and single-photon detetor
eienies. We propose a sheme, whih makes use of uoresent detetion of stored exitations
to signiantly inrease the eieny of onnetion and hene the rate. Pratial performane and
possible experimental realizations of the new protool are disussed.
PACS numbers: 03.67.Hk, 03.67.Bg, 42.50.-p
Distribution of entanglement over long distanes has
diverse potential appliations, ranging from absolutely
seure ryptography to fundamental tests of quantum
mehanis [1℄. The task is hallenging sine diret trans-
mission of quantum states via optial bres suers from
exponential attenuation, rendering ommuniation be-
yond a few hundred kilometers impossible. The losses
an be overome by implementing a so-alled quantum
repeater arhitehture, whih divides a hanel into small
segments and ombines quantum memories, entangle-
ment swapping and entanglement puriation to extend
entanglement generated over these segments to longer
distanes [2℄. Spurred by the proposal of Ref. [3℄ (DLCZ),
a number of promising quantum repeater protools based
on storage of light in atomi ensembles have reently
been put forward [4, 5, 6, 7℄. Apart from atomi en-
sembles, these shemes require only simple linear opti-
al operations and photodetetion. They therefore lend
themselves well to experimental realization, and exten-
sive progress has been made towards their implementa-
tion [8, 9, 10, 11, 12℄.
An important limiting fator in all existing atomi
ensemble-based quantum repeater shemes is the e-
ieny of entanglement swapping, whih requires onver-
sion from exitations stored in atoms to light followed
by single-photon detetion. In pratie, the ombined
retrieval and photodetetion eieny is on the order of
ten perent [8, 9℄. This severely limits the ommuniation
rates and thus the salability of the existing approahes.
Here we present a new ensemble-based quantum repeater,
whih irumvents this problem by storing multiple ex-
itations in a single atomi ensemble, as in Ref. [13℄.
Entanglement swapping is ahieved by uoresent dete-
tion of the populations of ertain atomi levels, elimi-
nating the need for retrieval. Fluoresent detetion an
have very high eieny and at the same time allows
us to determine the number of stored exitations. For
trapped ions, uoresent detetion eienies of 99.99%
have been experimentally demonstrated [14℄, and similar
tehniques have been proposed for photon ounting using
FIG. 1: (Color online) (a) One atomi ensemble with a 'red'
and a 'blue' level makes up eah repeater node. At the rst
step of the protool, neighboring nodes are entangled with
'red' and 'blue' links established asynhronously. At subse-
quent steps, distant nodes are onneted via entanglement
swapping. (b) Atomi level sheme. Enirled levels store
spin waves. The transitions (i) and (ii) are employed for en-
tanglement generation and uoresent detetion, respetively.
ensemble-based memories for light [15, 16℄. Employing
suh an idea allows the suess probability for entangle-
ment onnetion to be notably enhaned. Our protool
an be implemented either as a single-rail sheme (anal-
ogous to the original DLCZ sheme) or as a dual-rail
sheme (analogous to the proposals of Refs. [4, 5℄). Be-
low we will fous on the single-rail sheme for simpliity,
but we stress that the protool may readily be extended
to dual-rail, inluding etanglement puriation [17℄.
As illustrated in Fig. 1a, in our approah, repeater
nodes seperated by a distane L0 eah ontain a single
ensemble of N atoms enoding two qubits via the level
2struture shown in Fig. 1b. Eah atom has a reservoir
level, two storage levels, heneforth denoted by `red' and
`blue', and at least one yling transition to an exited
state whih allows populations to be measured. Con-
neting to previous ensemble-based repeaters based on
Λ-sheme atoms, one may think of Fig. 1b as a double
Λ-sheme  one for eah storage level  with two addi-
tional yling transitions [3, 4, 5℄. As disussed below,
the proposed level sheme an be implemented in alkali
or alkaline earth atoms. Every ensemble is initialised in
the `vauum' state |g〉⊗N with all N atoms in the reser-
voir. To entangle two ensembles (Fig. 2a) we fous rst
on their blue levels. In eah ensemble, a weak laser pulse
indues Raman sattering, preparing a joint state of the
atoms and the forward sattered Stokes light mode [3℄
(1 +
√
qη sˆ†baˆ
†)|vac〉+O(ηq), (1)
where sˆ†b =
1√
N
∑
i |sb〉i〈g| reates a symmetri atomi
spin wave, aˆ† reates a Stokes photon, |vac〉 is the joint
vauum state of atoms and light, q is the exitation prob-
ability and η is the fration of light sattered into the
forward mode. The Stokes photons are then mixed on a
balaned beam-splitter, and onditioned on the detetion
of a single lik at the output ports, the ensembles are
projeted to an entangled state of the form
(sˆ†b,1 + sˆ
†
b,2)|vac〉, (2)
where 1,2 label the ensembles. In this manner entangle-
ment an be established at every other link of the re-
peater. To entangle the remaining links, the proess is
repeated using the red levels. For just three ensembles,
the resulting state is
(sˆ†r,2 + sˆ
†
r,3)(sˆ
†
b,1 + sˆ
†
b,2)|vac〉. (3)
This ideal senario is implemented if we an avoid mul-
tiple exitations of the symmetri spin wave, whih is
the ase when ηq ≪ 1. Also note that in addition
to forward sattering desribed by Eq. (1), exitation
of non-symmetri atomi modes ours with probability
(1− η)q. We analyze the ontribution from these exita-
tions below. One two neighbouring entangled links are
established they are onneted by entanglement swap-
ping (Fig. 2b). A pi/2 rotation is applied between the
two storage levels in the entral ensemble, and the pop-
ulations of these levels are then measured by uoresent
detetion. Conditioned on the detetion of a single exi-
tation in either the red or the blue level, the outermost
ensembles are projeted to an entangled state. Referring
to Eq. (3), the rotation ats like a beam splitter on the
atomi operators taking sˆ†i,2 → (sˆ†b,2 + (−1)δir sˆ†r,2)/
√
2,
where i = b, r. The subsequent uoresent detetion ef-
fetively projets one atom from the entral ensemble into
|sr〉 or |sb〉 while the remaining atoms are projeted to
the reservoir state. As a result, up to a known phase ip
ensembles 1 and 3 are projeted to the entangled state
(sˆ†b,1 + sˆ
†
r,3)|vac〉. (4)
FIG. 2: (Color online) (a) Entanglement generation with the
blue levels. (b) Entanglement onnetion onsisting of a pi/2
pulse between the storage levels followed by uoresent mea-
surement of their populations.
In the absene of imperfetions the probability for a sin-
gle atom to uorese is 2N/(4N − 1) ∼ 1/2, and hene
the ideal probability for entanglement onnetion to su-
eed is 1/2 as in previous shemes. However, sine the
DLCZ-protool requires onversion from atomi to opti-
al exitations and subsequent single-photon detetion, it
has muh higher loss in pratie than the present sheme.
Beause the same atoms enode several qubits and be-
ause of the use of uoresent detetion, several issues not
present in previous protools must be onsidered in our
sheme. First, uoresent detetion does not seletively
detet the symmetri spin wave. This is in ontrast to
shemes based on retrieval, for whih olletive enhane-
ment ensures that only exitations assoiated with Stokes
photons sattered forward during entanglement genera-
tion will be deteted during onnetion [3℄. As a onse-
quene, multiexitation errors our in our sheme with
probability q as opposed to ηq in previous shemes. To
reah a given nal delity the generation suess proba-
bility, and thus the rate, must therefore be dereased by
a fator of η, unless orretive measures are taken.
Speially, to suppress exitations in modes other
than the symmetri mode, one an use puriation by
interrupted retrieval (PIR) based on eletromagnetially
indued transpareny. The behavior of a spin wave ex-
itation with momentum k under retrieval depends on
the optial depth dk in the diretion k+ kc, where kc is
the ontrol eld wave-vetor. The symmetri spin wave
has k ∼ 0 and for an elongated ensemble, we an ar-
range that d0 = d, where d ≫ 1 is the on-axis optial
depth. Hene if we were to retrieve the symmetri spin
wave from one of the storage levels by applying a on-
trol eld to the s → e transition (dropping subsripts),
the retrieved eld would travel with the group veloity
vg = Ω
2l/γd, where Ω is the Rabi frequeny of the on-
trol eld, γ is the deay rate of the exited level, and l is
the length of the ensemble [18℄. In other words, retrieval
is highly diretional and the eld travels at a group ve-
loity inversely proportional to d. On the other hand, for
exitations with suiently small dk, this piture is not
valid. When dk . 1, the exitation will deay without
any diretionality at the rate of a single emitter Ω2/γ,
where Ω ≪ γ. By plaing the ensemble in a avity or
inside a hollow-ore photoni rystal bre, as disussed
below, we an arrange that only a few modes have high
dk. E.g. in an hollow-ore bre, only the guided and
near-transversal modes persist, while intermediate modes
are suppressed. It is then possible to turn on the ontrol
3eld for a duration T suh that
l
vg
≫ T > γ
Ω2
. (5)
This means that the retrieval is interrupted before the
symmetri spin wave leaves the ensemble, while exita-
tions in other modes esape. Clearly there will be a
trade-o between loss of the symmetri spin wave and
suppression of the inoherent exitations. One an show
that the fration of the symmetri spin wave lost is at
most δ = 2vgT/l, where half of the loss is simply the
retrieved eld esaping in the forward diretion while
the seond half omes from spontaneous deay [17℄. The
exitations in all other modes are suppressed by a fa-
tor η + (1 − η)e−δd/2, and thus reduing the multiex-
itation error probability in our sheme to O(ηq) osts
δ ∼ −2 log(η)/d. The loss probability δ and the in-
eieny of uoresent detetion an be regarded as a
onnetion ineieny, equivalent to the ombined re-
trieval and detetion losses in previous shemes (where
retrieval loss sales with d−1/2 [18℄). For reasonable op-
tial depths d & 100 and a forward sattering probability
η at or above the perent level, δ is less than ten per-
ent. This is in ontrast to state of the art onventional
approahes, in whih losses are on the order of 90% or
more. Hene, even with PIR the total onnetion loss in
our sheme is signiantly lower than the orresponding
losses in shemes with full retrieval.
Two additional imperfetions lead to onstraints on N .
Fluoresent detetion implies an upper bound, beause
measurements will exhibit high dark ounts if the num-
ber of atoms in the reservoir is too large [15, 16℄. Pop-
ulation in the reservoir an ontribute to dark ounts in
two ways. Either through o-resonant sattering on the
g ↔ e transition of light from the probe eld, whih is
resonant with the yling transition, or through popula-
tion transfer into |s〉 aused by the probe. Exept when
the branhing ratio β for deay from |e〉 to |s〉 is tiny,
the latter of these provides a more severe restrition on
the atom number, beause it is amplied by subsequent
resonant sattering. For simpliity we assume that the
two transitions have the same dipole moment, suh that
we an assoiate a single Rabi frequeny Ωp with the
probe eld, and that the deay rates from both exited
states are γ. The uoresent sattering rate r and the
sattering rate r′ from |g〉 into |s〉 are then given by
r =
γΩ2p
γ2 + 2Ω2p
and r′ =
βγΩ2p
4∆2
, (6)
where the frequeny dierene between the g ↔ e and y-
ling transitions, denoted by ∆, is muh larger than both
Ωp and γ. The rates r and r
′
determine the measure-
ment time and the amount of population transfered from
reservoir to storage level during that time, respetively.
The time required to faithfully detet a single exitation
in the storage level via uoresent detetion is n/ηηdr
where ηd is the single photon detetion eieny and n
is the desired average number of measured photons. The
expeted number of logial dark ounts, i.e. the amount
of population transferred during the measurement, is
Nr′n
ηηdr
=
nβ
ηηd
γ2 + 2Ω2p
4∆2
N. (7)
Clearly, it is desirable to implement our sheme in a sys-
tem where ∆ an be large, suh that high N and thus
high d an be reahed without introduing dark ounts.
A lower bound on N arises beause an atom taking
part in only the red or the blue spin wave, thus being
entangled e.g. 'to the left' but not 'to the right', may
lead to an aepted onnetion with no resulting entan-
glement. If for a given repeater node one entangled link
has been established using e.g. |sb〉, failed entanglement
generation attempts on |sr〉 degrade the entanglement by
projeting atoms to |sr〉 or |g〉, removing them from the
blue spin wave. Assuming that undesired population in
|sr〉 an be removed after a failed attempt (by shelving
in a metastable level or heating out of the trap) only de-
ay into |g〉 will lead to mismath between the spin waves,
when a seond entangled link is subsequently established.
An average of 1/βη′q attempts are needed to establish the
seond entangled link, where η′ = ηηde−L0/2Latt and Latt
is the bre attenuation length. Eah attempt projets
(1−β)q atoms from the rst spin wave into |g〉 so in total
(1− β)/βη′ atoms take part only in one spin wave. Tak-
ing βη′N ≫ 1, the probability to have a separable state
after entanglement onnetion is of order (1− β)/βη′N .
Fig. 3 shows an estimate of the improvement in rate
when the upper and lower bounds on N are ompati-
ble and multiexitation errors, oming from the higher-
order terms in Eq. (1), is the dominant error. The rates
in both the new sheme and the referene shemes have
been optimised for the given parameters [23℄. The single-
rail estimate is based on the rate expression derived in
Ref. [19℄ for the DLCZ sheme, while the dual-rail esti-
mate is based on Ref. [5℄. As we have argued above, this
is justied for ensembles plaed in avities or hollow-ore
bres enabling PIR at the ost of a small inrease in
onnetion loss. From the gure we see that signiant
improvements of two to four orders of magnitude an
be expeted at distanes around 1000km. We note that
the attenuation lengths relevant to dierent quantum re-
peater shemes may depend on spei implementations.
In Fig. 3 the attenuation lengths of our sheme and the
referene shemes are assumed equal. However, we have
veried that the advantage of our sheme persists even
when the attenuation lengths dier signiantly [23℄.
We now disuss spei implementations. We onsider
an atomi sample onned within a photoni waveguide
or a avity, whih enables preferential oupling to a small
set of optial modes. Consider e.g. old alkali atoms
suh as
87
Rb, onned in a single-mode ber. As demon-
strated reently [20℄, suh a system an have high optial
depth, thus, enabling eetive PIR. Speially, it is fea-
sible, with some improvement in the onnement of both
atoms and photons, to reah the regime of η ∼ 0.05 and
4FIG. 3: (Color online) Asending urves: Ratio of the rate in
the present dual-rail (solid) and single-rail (dashed) sheme
with PIR to those of DLCZ and Ref. [5℄, assuming Latt =
20km, η = 0.05, optial depth 100, and eienies .95 for
uoresent detetion in the present sheme and .4 for single-
photon detetion. Steps our when the numbers of nodes
hange. Desending urves: the orresponding absolute rates
in the new sheme. The nal delity is 90%.
d ∼ 100 with 2 · 103 atoms. Fluoresene measurements
an be done on the D2-line yling transition, whih has
γ = 6MHz, and the reservoir an be separated from
the deteted level by the ground state hyperne splitting
∆ = 6.8GHz. Taking, for instane, η = 0.05, ηd = 0.5,
n = 20, and β = 0.5, we nd that with a single on-
netion, an entangled state between nodes separated by
10km an be reated. Taking atoms with a higher nulear
spin, e.g.
85
Rb, suh entangled ensembles an be used as
a bakbone for implementing the entire repeater hain,
provided that advaned [4, 5, 6, 7℄ protools inluding
puriation are employed.
Higher delity implementations an be ahieved with
alkaline earth atoms. Alkaline earths are very well suited
for implementation due to the presene of long-lived
metastable levels whih make it possible to separate
the yling transition from any transitions involving the
reservoir by optial frequenies. E.g. in
87
Sr, by yling
on the
1S0 ↔ 1P1 transition while keeping the reser-
voir temporarily in
3P0 we an have ∆ ≈ 10THz, while
γ = 30MHz [17℄. In addition it an be arranged that
measurements do not indue population transfer from the
reservoir into the yling transition, suh that only o-
resonant sattering an ontribute to dark ounts. This
means that the fator nβ/ηηd an be dropped from Eq.
(7), relaxing the upper bound further. At the same time,
if exitation and deay
3P0 → 1P1 → 1S0 [21℄ is used
for entanglement generation, the mismath error an be
suppressed by a very large branhing ratio 1−β ∼ 10−8,
so the lower bound is simply 1/η′. For a repeater over
1000km with 25 segments and nal delity F > 95%, we
estimate an upper bound of ∼ 108 while the lower bound
above gives ∼ 1 [17℄. Thus, a repeater might be imple-
mented with N ∼ 104 atoms ompatible with good opti-
al depth. We note that while the upper bound for alkali
earths is high enough to allow large d to be reahed in
free spae, PIR requires that only a few nearly symmetri
modes see high optial depth. Thus even for large N it is
desireable to enlose the ensemble in a low-nesse avity,
enhaning d for the symmetri mode, or in a single-mode
hollow-ore bre, sine without PIR our rate would be
suppressed by a fator η, whih is small in free spae.
Another promising andidate for implementation may be
avity enlosed rystals of ions with long-lived exited
levels, e.g. Ca
+
or Sr
+
. Strong olletive oupling in
suh a system has reently been demonstrated [22℄.
In summary, we have desribed a new ensemble-based
quantum repeater protool that uses uoresent dete-
tion to signiantly improve the eieny of entangle-
ment swapping. Our sheme an be implemented with
atoms in a single-mode hollow-ore bre or a low-nesse
avity and yields improvements in ommuniation rate
for a distane of 1000km by two to four orders of magni-
tude over previous proposals. An interesting extension of
our sheme would be to inorporate non-linearities suh
as Rydberg blokade [13℄.
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